that hydrolyze phytate to less-phosphorylated myo-inositol derivatives and inorganic phosphate. Recently, phytate has been found to promote dynamin I-mediated endocytosis (Hoy et al., 2002). Phytase activity also exists in human, and the enzyme appears to belong to the ., 2000) . The and phosphate. The phytase from Selenomonas rumiother type is the calcium-dependent phytase from Bacilnantium shares no sequence homology with other milus amyloliquefaciens, which adopts a ␤ propeller concrobial phytases. Its crystal structure revealed a phyformation with six-stranded blades (Ha et al., 2000) . The tase fold of the dual-specificity phosphatase type. The enzyme reaction appears to act through a direct attack active site is located near a conserved cysteine-conof the metal-bridging water molecule on the phosphotaining (Cys241) P loop. We also solved two other crysrous atom of phytate and the subsequent stabilization tal forms in which an inhibitor, myo-inositol hexaof the pentavalent transition state by the bound calcium sulfate, is cocrystallized with the enzyme. In the ions. In contrast, S. ruminantium phytase neither con-"standby" and the "inhibited" crystal forms, the inhibitains the conserved Arg-His-Gly motif nor is affected by tor is bound, respectively, in a pocket slightly away divalent metal ions. Surprisingly, the activity was nearly ., 1999) . the ϪSH group of Cys241. Our structural and mutagenThese results suggested that the S. ruminantium phyesis studies allow us to visualize the way in which the tase is likely to have a different phosphatase mechanism P loop-containing phytase attracts and hydrolyzes the from that of the above mentioned phosphatases. substrate (phytate) sequentially.
location slightly away from the active site (standby form), similarity to the E. coli and B. amyloliquefaciens phyand phytase bound with the IHS at the active site (inhibtases. A search using DALI (Holm and Sander, 1998) ited form). The crystal structure of the apo form (to 2.0 Å showed substantial similarities between a portion of resolution) was solved using the Se-Met enzyme by the S. ruminantium phytase and the catalytic domain of the single-wavelength anomalous diffraction method, while members of the cysteine phosphatase superfamily (Figthe other pocket that is characteristic of PTPs. The depth of this The structure of the phytase consists of two domains.
pocket is an important determinant of the substrate The large domain has a protein fold in which a slightly specificity of PTPs (Denu and Dixon, 1998 In the C222 1 (standby) form, the inhibitor in the complex enclosed within a box in Figure 1B , contains a fivehas many interactions with the positive surface of the stranded ␤ barrel (␤8, ␤7, ␤1, ␤6, and ␤5) in addition to phytase. The IHS adopts two slightly different orientaa short ␤ strand (␤9) in the corner. Moreover, helix ␣C tions (derived from two independent enzyme-inhibitor is located on the edge of the small domain. The S. rumicomplexes in an asymmetric unit) (Figures 2A and 2B) . nantium phytase adopts a football-like shape with the The positive surface in the phytase, also present in other negatively charged IHS being buried in the active-site cavPTPs (Changela et al., 2001), is located at the interface ity, rimmed by positively charged Arg46, Arg57, Lys71, between the two structural domains. It is composed of Lys72, His74, Lys176, Lys286, and Lys288 ( Figure 1C) .
The S. ruminantium phytase displays no structural several loops (␤7-␤8 loop, ␤2-␣A loop, conserved P corresponding conserved Asp of PTEN (Asp92) and form has no direct contact with the inhibitor, but the P loop adopts the same closed conformation as in the KAPt (Asp110). In addition to Asp212, another conserved His213 from the WPD loop forms two hydrogen inhibited-form binding. Although the distance of the inhibitor to Cys241 of P loop is 8.56 Å in the standby form, bonds with the oxygen atoms of S6 and S4. Lys294, Tyr298, and Lys301 in helix ␣H also contribute multiple the distant inhibitor still induced the P loop to form the closed conformation. Functionally, it may be advantahydrogen bonds with several sulfate groups of IHS. Three well-ordered waters are present near the active geous to keep a closed conformation for the sequential dephosphorylation. site. These interactions suggest that the phytase binds and hydrolyzes the phosphate ester with a mechanism A small conformational change in phytase also occurs in the WPD loop, especially that associated with His213. similar to that of PTP1B (Lohse et al., 1997).
His213 is thus located between two sulfate groups (S4 and S6) of the inhibitor to form two hydrogen bonds.
Conformational Changes upon Substrate Binding
Meanwhile, the position of carboxylic group of Asp212 The conformation of the P loop in the inhibited form is is shifted. His213 of the WPD loop exists in many phossimilar to the P loop of PTEN and KAPt ( Figure 5A cused on the effects exerted by the P loop and the suggesting its important role in the inositol polyphosphate binding. This is similar to the role of His93 of the substrate binding pocket. The native enzyme has an activity of 270 unit/mg (see Experimental Procedures, WPD loop in PTEN (Lee et al., 1999) . In addition, the mutation of His151 to alanine on helix ␣C, to which the normalized to 100%) in the dephosphorylation of phytate. Mutation of Cys241 in the P loop to alanine comnonactive site IHS was bound in the crystal, showed no effect on the enzyme activity. This excludes the possibilpletely (down to 0.0%) abolished the enzyme activity, confirming that Cys241 played an essential role as in ity that His151 is involved in the activity of phytase (Lim et al., 2000) . other PTPs. We also mutated three residues (Tyr298, Tyr138, and His213) that form the substrate binding pocket.
Tyr298 directly interacted with the IHS in the Insights into Evolution by Structural Comparison
The topology of the large domain of phytase is similar inhibited form of the complex, but Tyr138 did not. Mutation of Tyr298 to Phe was shown to reduce the phytase to the conserved domain of the dual-specificity phosphatases KAPt and PTEN ( Figures 4A-4C) . Comparison activity by 52%, but mutation of Tyr138 to Phe had no obvious effect on the phytase activity.
of the crystal structures of phytase, PTEN, and KAPt highlights a conserved fold containing a twisted fiveThe mutation of the important His213 of the WPD loop to alanine decreased the activity of phytase by 94%, stranded ␤ sheet packed against four ␣ helices (␣E, ␣F, the phytase is 26 amino acid residues longer than the equivalent helix of PTEN and KAPt. (3) A small domain is inserted to the region between the ␤4 to ␤10 strand in ␣G, and ␣H) on one side and an ␣ helix (␣B) on the other phytase. Those differences produce a wider and deeper side ( Figure 5A ). The superposition of phytase to PTEN cavity with an highly positively charged surface in phyand KAPt using the C␣ atoms of the core elements yields tase. These divergent areas are the key components rmsd. values of 1.45 Å (416 atoms) and 1.58 Å (364 for the phytase to preferentially bind to its substrate, atoms), respectively. The structures diverge outside of phytate. the core region. There are several distinct structural A structure-based amino acid sequence alignment differences, of which the most prominent are as follows.
shows that the conserved residues, HCXXGXXR(T/S), (1) A long extended region (␤2 to ␤3 strand) replaces the ␤2-␤3 loop in PTEN and KAPt. (2) The ␣H helix of are located in the P loop, and the residues interacting Thus, our phytase has the dual-specificity protein phosas threonine or serine in other cysteine phosphatases). These interactions associated with the P loop were also phatase fold and a specific activity for myo-inositol polyphosphate. Although the folding and catalytic mechafound in PTEN, KAPt, and PTP1B ( Figure 5D ) and are believed to help maintain the P loop in a catalytically nism of our phytase are significantly different from E. coli or B. amyloliquefaciens, all of them generate a favorable competent conformation. PTEN and TPIP are two related PTP-like proteins, electrostatic potential using certain Lys and Arg residues for the substrate binding. which contain two lysine residues in the P loop (Lee et al., 1999) . These observations are different from other Based on the well-studied mechanism of the classical dual-specificity phosphatase and the three different PTP enzymes. These two lysines are important for PTEN activity against PtdIns(3,4,5)P(3). The structure of the structures from three crystal forms, we proposed a catalytic reaction to proceed through the following steps inhibited form of the phytase shows that the P loop adopts a closed form and brings the side chain of Val245 Table 1 . The structure of ferrous sulfate solution was added to the sample solution. The pro-S. ruminantium phytase was determined by the single-wavelength duction of phosphomolybdate was measured spectrophotometrianomalous diffraction method using data collected at the L III peak cally at 700 nm. Phytase activity was measured as the amount of ( ϭ 0.9797 Å ) of Se and was phased by SOLVE (Terwilliger and  inorganic 
